DNA damage-inducible (din) (16, 41) . Regulation of the SOS system in E. coli is controlled by the products of the recA and lexA genes. The RecA protein has many functions in E. coli and is involved in the processes of recombination, DNA repair, and mutagenesis (31, 41, 45) . The LexA protein is a repressor of as many as 20 unlinked, coordinately regulated loci which include the recA and lexA genes themselves (19, 41) . Following exposure of E. coli to agents that alter DNA structure or interfere with DNA replication (such as UV radiation, mitomycin, nalidixic acid, etc.), an inducing signal is generated. (4, 7, 17, 34, 35) , and the UmuD protein (2, 39). As levels of LexA repressor decline, damage-inducible loci are derepressed, resulting in expression of'the physiological phenomena that compose the SOS response (16, 41).
Inducible DNA repair systems, such as the SOS system, have been most extensively studied with the gram-negative enteric bacterium Escherichia coli (16, 41) . Regulation of the SOS system in E. coli is controlled by the products of the recA and lexA genes. The RecA protein has many functions in E. coli and is involved in the processes of recombination, DNA repair, and mutagenesis (31, 41, 45) . The LexA protein is a repressor of as many as 20 unlinked, coordinately regulated loci which include the recA and lexA genes themselves (19, 41) . Following exposure of E. coli to agents that alter DNA structure or interfere with DNA replication (such as UV radiation, mitomycin, nalidixic acid, etc.), an inducing signal is generated. The signal (believed to consist, in part, of single-stranded DNA) reversibly activates the RecA protein. Activated RecA protein has apoprotease activity which facilitates the autocatalytic cleavage of LexA repressor (17, 18) , certain lambdoid prophage repressors (4, 7, 17, 34, 35) , and the UmuD protein (2, 39) . As levels of LexA repressor decline, damage-inducible loci are derepressed, resulting in expression of'the physiological phenomena that compose the SOS response (16, 41) .
The SOS system of E. coli has served as a model for the study of similar inducible DNA repair systems in other gram-negative bacteria (14, 36, 37, 43, 44) . Similarly, the SOS system has been used as a model to study the SOS-like, or SOB, system of the gram-positive soil bacterium Bacillus subtilis (21) . Like E. coli, B. subtilis responds to agents that damage DNA or interfere with DNA replication by inducing a coordinately regulated set of diverse physiological phenomena (21) . Phenomena associated with the SOB response in B. subtilis include induction of DNA damage-inducible (din) loci, including the recA gene (formerly referred to as the recE gene), enhanced capacity for DNA repair, enhanced mutagenesis, Weigle (W) reactivation, prophage induction, and filamentation (21) . While these analogous systems in E. coli and B. subtilis appear similar, significant functional and regulatory differences do exist. For instance, W reactivation in B. subtilis is pyrimidine dimer specific (8) * Corresponding author. and essentially error free (7a) . This contrasts with W reactivation in E. coli, which is capable of repairing a variety of DNA lesions by an error-prone mechanism (32) . Furthermore, while induction of all SOS phenomena in E. coli is dependent upon a functional RecA protein, filamentation in B. subtilis is a RecA-independent response (21) . Finally, the SOB system in B. subtilis is developmentally regulated. As B. subtilis differentiates into the physiological state of natural competence (6) , SOB phenomena are spontaneously induced in the absence of externally generated DNA damage (20, 23, 47, 49, 50) .
DNA damage-inducible loci in B. subtilis were first identified by using transposon-mediated gene fusions (20) . Tn917-lacZ transposon insertions within din loci were isolated from a library of insertions by selecting those fusions that induced expression of the lacZ reporter gene after exposure to DNA-damaging agents (20) . Fifteen independently isolated din gene transposon insertions were genetically mapped and localized to three loci (dinA, dinB, and dinC) on the B. subtilis chromosome (11 This work a The pDIN plasmids were isolated using the method of Youngman et al. (53) to clone chromosomal DNA flanking Tn917-lacZ transposon insertions by using pTV21A2. Plasmids were generated from intramolecular ligations of chromosomal DNA digested with either EcoRI or HindUI and used to transform E. coli.
homology to the proximal and distal ends of the Tn9J7-lacZ transposon and integrates into the transposon by double homologous recombination. This event replaces transposon sequences encoding macrolide-lincosamide-streptogramin B (MLS) resistance with plasmid sequences resulting in Cmr, MLS-sensitive transformants that maintain the damage-inducible lacZ phenotype. Chromosomal DNA from these insertion strains was digested with either EcoRP or Hindlll and was ligated under conditions favoring intramolecular ligation. The ligated DNA was used to transform E. coli JM109 to ampicillin resistance by electroporation with a Bio-Rad Gene Pulser, as specified by the manufacturer. The resulting pDIN series of plasmids is described in Table 2 .
A 2.5-kb EcoRl fragment from pDINA76, a 753-bp Sau3AI-BamHI fragment from pDINB7, a 461-bp EcoRIBamHI fragment from pDINC17, and an 836-bp EcoRIBamHI fragment from pDINC18 were subcloned into pPL703C2, resulting in pCATA76, pCATB7, pCATC17, and pCATC18, respectively. These plasmids were then used to transform the B. subtilis strains YB886 (recA+) and YB1015 (recA4) to neomycin resistance (Neor). The resulting transformants (Table 1) were each assayed for CAT activity in the presence and in the absence of mitomycin as described below. DNA fragments that generated damage-inducible promoter activity were subcloned into M13mpl9 and sequenced.
Various restriction fragments of the cloned dinA76 promoter region were subcloned into the E. coli bacteriophage M13mpl9 ( (28) , resuspended in Z buffer containing 1 mg of lysozyme per ml, and incubated for 30 min at 37°C. The cell extracts were centrifuged at 10,000 x g for 15 min at 4°C to remove debris and assayed for ,-galactosidase activity as described by Miller (28) .
RESULTS
Cloning of damage-inducible promoter regions. Three DNA damage-inducible loci (dinA, dinB, and dinC) of B. subtilis had previously been identified and were genetically mapped (11) . In order to elucidate the mechanisms that control damage-inducible regulation in B. subtilis, the operator/ promoter regions of these three din loci were cloned and characterized. Regions of the bacterial chromosome upstream of din::Tn917-lacZ transposon insertions were cloned in E. coli by the strategy of Youngman et al. (53, 54) . The resulting pDIN series of plasmids is diagrammed in Fig. 1 Fig. 1 . CAT specific activities generated in B. subtilis strains carrying each of the pCAT constructs are reported in Table   3 . Treatment with mitomycin induced CAT specific activity in cultures of YB886 (recA+) carrying the dinA (pCATA76), dinB (pCATB7), and dinC (pCATC17 and pCATC18) promoter constructs by 4.8-, 13-, 24-, and 36-fold, respectively, over untreated cultures. Damage-inducible CAT activity from these same din promoter constructs was abolished in the recA4 (YB1015) genetic background. In addition, the pCAT plasmids were isolated from the YB1015 derivatives and reintroduced into YB886, where they once again generated damage-inducible CAT activity. Induction of each cloned din promoter is thus dependent upon a functional recA+ gene product.
The dimA promoter region. In order to localize the dinA promoter, various restriction fragments from pDINA76 were used to construct operon fusions to the lacZ reporter gene within the B. subtilis integration vector pAF1. The resulting pDCA plasmids (Fig. 2) were then integrated into the amyE+ locus of B. subtilisYBA886 (amyE+ recA+), and the resultant amyE transformants were assayed for damage-inducible expression of the lacZ reporter gene. The pDCA1600, pDCA1200, pDCA280, and pDCA120 dinA promoter fusion constructs all generated similar levels of damage-inducible 3-galactosidase activity after a 2-h exposure to 500 ng of mitomycin per ml (Fig. 2) . pDCA900 generated relatively weak promoter activity and did not significantly induce 3-galactosidase activity after the same exposure to mitomycin. The DNA sequences required for damage-inducible expression from the dinA promoter have thus been localized to a 120-bp PvuII-Sau3AI fragment.
The nucleotide sequence of the dinA promoter region was determined (Fig. 3) . A putative ribosome binding site and sequences similar to sigma A promoter elements (29, 30) identical and 70% similar to the first 57 amino acid residues of the E. coli UvrB protein (Fig. 4) . Within this N-terminal sequence is a conserved Walker type A adenine nucleotide binding domain (42) .
The dinB promoter region. The nucleotide sequence of the dinB promoter fragment from the Sau3AI restriction site to the Tn9J7-lacZ transposon was determined (Fig. 5) . This sequence contains 28 codons of an open reading frame which is disrupted by the transposon insertion. A putative ribosome binding site and sequences similar to sigma A promoter elements were also identified.
The dinC promoter region. The dinC17, dinCI, dinC21, and dinC18 Tn9J7-lacZ insertions represent four different insertions within one open reading frame (Fig. 6) . The nucleotide sequence of the dinC18 promoter fragment (Fig.  7) Identification of a putative SOB operator sequence. The nucleotide sequences of the dinA, dinB, and dinC promoter regions were examined and compared with the nucleotide sequence of the recA promoter region. Conserved sequences were identified within all of the din promoter regions thus far examined. The consensus sequence GAAC-N4-GTTC is positioned at -50 within the dinA and dinC promoters and at -20 within the dinB promoter, relative to putative transcription initiation sites. Similar sequences were also identified at -102 (AAAC-N5-GTTC) within dinB; at -20 (GAAC-N4-GTTT) within dinC; and at -110 (AAAC-N4-TTTC), -50 (GAAT-N4-GAAC), and +80 (GAAA-N4-GTTC) within recA (40) . A comparison of the consensus sequences found within each of the promoter regions described above is shown in Fig. 8 . Included in this list are similar sequences identified within the promoter regions of the B. subtilis uvrB gene (3) and dnaX operon (1) which are known to express proteins involved in DNA repair. Damage-inducible expres- (16, 41) and SOB (21) systems, respectively. Regulation of the SOS-like systems of a variety of gram-negative bacteria is very similar to the E. coli regulatory paradigm (14, 36, 37, 43, 44) . In contrast, relatively little is known about the regula-have cloned and characterized three DNA damage-inducible promoters from B. subtilis.
The cloning and characterization of operator/promoter regions that control DNA damage-inducible expression in B. subtilis has provided important information about the nature of SOB regulation. Sequences required for damage-inducible regulation in B. subtilis have been localized to 120 bp of the dinA promoter region, 460 bp of the dinB promoter region, and 139 bp of the dinC promoter region (Fig. 3, 5, and 7 , respectively). Operon fusions constructed with each of these promoter fragments rendered reporter genes damage inducible in B. subtilis. Induction of each din promoter was dependent upon a functional RecA protein (formerly called RecE protein). The following observations support the hypothesis that this regulation is controlled at the level of transcription. The dinC17 insertion, which is damage inducible, separates the entire open reading frame from the dinC promoter; also, mRNA transcripts from the dinC17 promoter construct in pCATC17 are induced in B. subtilis after exposure to mitomycin (unpublished results).
Sequence comparisons of din promoters in B. subtilis have identified the consensus sequence GAAC-N4-GTTC. This consensus sequence is positioned within din promoter regions such that a regulatory molecule bound at these sites could interfere with the initiation of transcription by RNA polymerase. We propose that this consensus sequence functions as an SOB operator site to regulate expression of din genes in B. subtilis. This sequence is centered at position -50 within the dinA and dinC promoters and at -20 within the dinB promoter, relative to putative transcription initiation sites. Similar sequences that match the consensus in at least six of eight positions have been identified at other locations within the dinB, dinC, and recA promoter regions (Fig. 8) . Recent work in Guilldn's laboratory has determined that the rec-70 locus of B. subtilis is also DNA damage inducible and contains a sequence that is similar (seven matches out of eight positions) to the putative SOB operator site and is positioned at -20 relative to the putative transcription initiation site (13a). Sequences similar to the consensus (seven matches out of eight positions) were also identified at the -20 position within the uvrB gene and dnaX operon, which are loci in B. subtilis that are known to express gene products involved in DNA repair processes. The binding of a repressor to slightly different operator sequences with different affinities might serve to fine-tune the SOB response. Furthermore, the presence of multiple operators at distant sites within one promoter region suggests a cooperative loop model of repression such as has been described for the lac, gal, and ara systems of E. coli (12) .
The putative SOB operator sites are positioned between the -35 and -10 promoter elements of dinB and dinC and positioned upstream of the -35 promoter element within dinA and recA (Fig. 8) . We speculate that a repressor molecule bound upstream of the -35 promoter element might not interfere with the initiation of transcription by RNA polymerase as much as a repressor bound between the -35 and -10 promoter elements. This hypothesis is consistent with the relatively low levels of expression generated by the uninduced dinB and dinC promoters and the 10-foldhigher basal level of expression generated by the dinA promoter (Table 3) . It is also consistent with the relatively high basal level of RecA expression that has been observed on Western immunoblots (24) .
Overexpression of E. coli RecA protein can complement the deficiency in din gene induction in strains of B. subtilis carrying the recA4 mutation (5, 22) . In addition, RecA of B. subtilis can facilitate the inactivation of LexA repressor in vitro (25) . These results demonstrate a high degree of functional conservation between RecA of E. coli and RecA of B. subtilis and suggest that a LexA-like repressor exists in B. subtilis. B. subtilis din promoters within both the pDIN and pDC plasmids produce constitutive 0-galactosidase activity in E. coli. This activity was observed as a dark blue coloring on solid media containing X-Gal and is consistent with the lack of LexA-binding sites within these promoter regions. The putative SOB repressor thus recognizes and binds to an operator sequence that is different from the LexA box of E. coli. It will be interesting to determine whether the SOB consensus sequence has been conserved among other gram-positive bacteria. Further molecular characterization of these cloned din promoters is under way.
